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Abstract 

The type II seesaw mechanism introduces a hypercharged Higgs triplet to explain the observed 
neutrino masses and mixing. Among three triplet components, the doubly charged Higgs boson 
can be the lightest and decay mainly to same-sign di-leptons. Furthermore, the heavier singly 
charged or neutral Higgs boson produces a doubly charged Higgs boson through its fast gauge 
decay. This leads to a novel signature of same-sign tetra-leptons resulting from a pair production 
of same-sign doubly charged Higgs bosons caused by the nearly degenerate neutral scalar mixing 
which can be sizable for an appropriate choice of the model parameters. After studying pro- 
duction cross- sect ions for the same-sign tetra-lepton signal in the parameter space of the mass 
splitting among triplet components and the triplet vacuum expectation value, we provide a LHC 
analysis of the same-sign tetra-lepton signal for a benchmark point chosen to maximize the event 
number. 
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1 Introduction 



The origin of neutrino masses and mixing can be attributed to a new "Higgs triplet" which can 
couple to Higgs and lepton doublets and thus generate neutrino mass terms once it develops 
nontrivial vacuum expectation value (called the "type II seesaw" mechanism) pQ. One of the 
distinctive features of the type II seesaw model is the presence of a doubly charged Higgs boson 
which can be cleanly probed at collider experiments [2] [7]. This allows an exciting possibility 
of discovering the neutrino mass pattern at colliders by observing the lepton flavor structure of 
the doubly charged Higgs boson decay to same-sign charged lepton pairs [8]. Because of such a 
nice property, extensive studies at the LHC have been performed in the literature [9]-[20j. 

In this paper, we investigate a novel signature of same-sign tetra-leptons allowed in some 
parameter space of the type II seesaw model that has not been studied so far. The mass splitting 
among three Higgs triplet components (neutral, singly and doubly charged) is controlled by a 
single coupling between the triplet and the usual doublet Higgs bosons and its sign determines 
whether the lightest component is a doubly charged or neutral one. When the mass splitting 
is sizable and the doubly charged Higgs boson is the lightest, the electroweak gauge interaction 
allows a fast decay of the neutral or singly charged component of the Higgs triplet into the lighter 
singly or doubly charged component. Therefore, pair-produced Higgs triplet components can end 
up with a pair of same-sign doubly charged Higgs bosons leading to same-sign tetra-leptons if 
their leptonic Yukawa coupling is larger than the ratio of the triplet and doublet Higgs vacuum 
expectation values. 

An essential feature of a / ± / ± / ± / ± signal is that it occurs through the mixing between two 
nearly degenerate neutral scalars. In the limit of vanishing triplet vacuum expectation value 
(VEV), lepton number is conserved and thus there appear only final states coming from 

the production of H ++ H pairs [171 [20]. A non- vanishing triplet VEV arises due to the coupling 
between the Higgs triplet and doublet which explicitly breaks lepton number in the Lagrangian. 
This term also induces the mass splitting between two real degrees of freedom in the neutral 
triplet scalar. While this mass splitting becomes very small for a small triplet VEV, the neutral 
triplet decay rate is also suppressed by a small mass difference among the triplet components. It 
turns out that there exists an optimal choice of the model parameters for which the sizes of the 
neutral scalar mass splitting and decay rate become comparable and the doubly charged Higgs 
boson decays mainly to same-sign di-lepton to maximize the production cross-section of the Al^ 
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signal. 

The same-sign tetra-lepton final state, which is almost background free, provides an excellent 
new channel to test the model and probe sizes of the Higgs triplet vacuum expectation value and 
the mass splitting among the Higgs triplet components at the LHcQ 

In the next section, we will introduce the type II seesaw model following the notation of 
Ref. [8]. In Section III, the branching ratios of the Higgs triplet components will be studied in a 
parameter space of the mass splitting and the triplet vacuum expectation value. Then, in Section 
IV analyzed are the same-sign tetra-lepton signals at the LHC with two centre-of-mass energies 
of y/s = 8 TeV (LHC8) and y/s = 14 TeV (LHC14) for the doubly charged Higgs boson mass 
400 GeV taking a benchmark point in the two dimensional parameter space which maximizes 
the the neutral boson mixing effect. We conclude in Section V. 



2 The Type II Seesaw Model 



When the Higgs sector of the Standard Model is extended to have a Y = 2 complex SU(2)l 
scalar triplet A in addition to a SM-Higgs doublet $, the gauge-invariant Lagrangian is written 

as 

£ = + Tr (D^A) j (D"A) - C Y - V($, A) 

where the leptonic part of the Lagrangian required to generate neutrino masses is 



and the scalar potential is 



m 



C Y = f aP L T a Cir 2 ALp + H.c. 



! $ f $ + Ai($ f $) 2 + M 2 Tr(A t A) 



+ A 2 [Tr^A)] 2 + A 3 Det(A t A) + A 4 ($ t $)Tr(A t A) 



+ A 5 ($ t r J <I>)Tr(AV l A) + 

Here used is the 2x2 matrix representation of A: 

A+/v/2 A++ 



- 1 =n{^ T ir 2 A^) + H.c. 
v2 



A 



A r 



-A+/V2 



(2) 



(3) 



1 Let us note that same-sign four leptons can also appear among others in the cascade decays of supersymmetric 
particles if R-parity violating supcrsymmctry is assumed [21 . 



Upon the electroweak symmetry breaking with ($°) = vo/y/2, the fi term in Eq. (j2J) gives rise 
to the vacuum expectation value of the triplet (A ) = v^/y/2 where t>A ~ /J-Vq / ' \[2M 2 . We will 
assume /i is real positive without loss of generality 

After the electroweak symmetry breaking, there are seven physical massive scalar eigenstates 
denoted by H ± ' ± , H^, H°, A , h°. Under the condition that |£| <C 1 where £ = Va/vq, the first 
five states are mainly from the triplet scalar and the last from the doublet scalar. For the neutral 
pseudoscalar and charged scalar parts, 

0° = G° - 2£A° , 0+ = G + + y/2£H + 
A? = A + 2£G° , A + = H + - V2£G + (4) 

where G° and G + are the Goldstone modes, and for the neutral scalar part, 

<f R = h°-a£H°, 

A° R = H° + a£h° (5) 

where a = 2 + 4(4Ai — A 4 — X 5 )M^ v /g 2 (Mj l0 — M% ). The masses of the Higgs bosons are 

M%±± = M 2 + 2^^M 2 W 

M 2 H± = M 2 H±± +2^Mf v 

M 2 HO>A o = M 2 H± +2^M^. (6) 

The mass of h° is given by m^ = 4Aiu| as usual. 

Eq. (J6]) tells us that the mass splitting among triplet scalars can be approximated as 

AM~^f<M w . (7) 
g z M 

Furthermore, depending upon the sign of the coupling As, there are two mass hierarchies among 
the triplet components: M H ±± > M H ± > M h o/ao for A5 < 0; or M H ±± < M H ± < M h o/a° for 
A5 > 0. In this work, we focus on the latter scenario, where the doubly charged scalar if ±=t is 
the lightest so that it decays only to l^l^ or W ± W ± whose coupling constants are proportional 
to f al 3 or £, respectively. On the other hand, H°/A° (i? ± ) decays mainly to H ± W T * (iJ ±± H /T *) 
unless the mass splitting AM is negligibly small. For more details, see, e.g., Ref. [8]. 

An important quantity for a 41^ signal is the mass splitting 5Mha between H° and A which 
is much smaller than the mass difference AM between different triplet components. The \x term 



in Eq. (J2J), which is lepton number violating, generates not only the triplet VEV: 



V2M 2 H0 ' 



but also the mass splitting between the heavy neutral scalars, SMha = Mgo — M 



5M 



HA 



2M H o 



M 2 H0 



n 2 M 2 
v ivi H o 



m 
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h° 



As will be shown later, 5Mha can be comparable to the total decay rate of the neutral scalars, 
T H o/AO, for a preferable choice of v&, which enhances the same-sign tetra lepton signal. 

Given the leptonic Yukawa term (JTJ), a non-zero triplet vacuum expectation value (A ) gives 
rise to the neutrino mass matrix: 



V2f a/3 VA = U ak Up k m k e 



I <[>!,; 



(10) 



where U is the neutrino mixing matrix with Majorana phases e l ^ h factored out, and m k are the 
neutrino mass eigenvalues. The mixing matrix U is described by three angles denoted by 9i%, 
023, and #i3, and one Dirac phase 5. The three angles and two mass-squared differences Am^ 
and Amfi are fairly well measured by various neutrino experiments [22]. As the sign of Am^ 
is not yet known, two neutrino mass hierarchies are allowed. One is the normal hierarchy (NH) 
with W3 > ui2 > mi and the other is the inverted hierarchy (IH) with mi > m\ > m%. Thus, the 
neutrino mass matrix ffTOj) can be fully reconstructed after some assumptions on values of the 
CP phases, 5 and and one neutrino mass, say mi (m 3 ) for NH (IH) which can be as small as 
zero. 

For the collider analysis, we will take benchmark points for each neutrino mass hierarchy 
assuming 777.1(777.3) = for NH (IH) and vanishing CP phases. Taking the best fit values [22] given 
by Am 2 21 = 7.62 xl0~ 5 eV 2 , Am 2 31 = 2.53xl(r 3 (-2.40) eV 2 ,sin 2 #i 2 = 0.320, sin 2 6 23 = 0.49(0.53) 
and sin 2 6*i3 = 0.026(0.027) for NH (IH), we get the following neutrino mass matrix in the eV 
unit: 



M l 



( 



\ 



0.00403 0.00816 0.00259 
0.00816 0.0264 0.0215 
0.00259 0.0215 0.0286 



/ 



for NH 



and 



M v 



0.0479 
-0.00557 
-0.00573 



-0.00557 
0.0239 
-0.0240 



-0.00573 
-0.0240 
0.02693 



\ 



for IH. 
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Thus, the leptonic Yukawa coupling / can be obtained from Eq. f llOp given the triplet vacuum 
expectation value va- To get an estimate of the overall size of / it is useful to remember 
fvA ~ 10 -2 eV derived from a rough relation of fv& ~ m&. Recall that the neutrino mass 
matrices ( Ill|ll2p tell about the flavor-dependent branching fractions of if ±± and thus observation 
of ee/efj,/ ' final states at the LHC will be able to determine which neutrino mass pattern is 
right [8]. 

3 Phase diagrams for branching fractions of Triplet decay 

Apart from the parameters set by the neutrino data in the coupling /, there are two more 
free parameters in the type II seesaw model: the triplet mass splitting AM and the triplet 
vacuum expectation value va- Depending on these, the triplet components have different decay 
properties. In Table. [TJ we show the possible decay channels for the triplet scalars for the case 
where H ++ is the lightest. The decays to the lepton and quark/di-boson final states are due to 
the Yukawa coupling / and a mixture of the doublet and triplet Higgs controlled by £ = va/vq, 
respectively. On the other hand, the final states with off-shell W is due to the usual SU(2) gauge 
interaction which dominates if allowed kinematically. 



H° 


A 


H+ 




-> tt 


->■ tt 


->■ tb 




^bb 


^bb 


-^l + v 


-> w + w + 


— > vv 


— > vv 


-)■ W + Z 




-> ZZ 


^Zh° 


->■ W + h° 






->■ ^W^* 


->■ H ++ W~* 













Table 1: Possible decay channels for the triplet Higgs bosons for A5 > 0. 

Summing over all the lepton final states in the triplet decays, the flavor structure of neu- 
trino mass matrix does not matter as the total leptonic decay rate is proportional to ^2k m k- 
Keeping this parameter to be (0.1 eV) 2 , we calculate the branching fractions (BFs) for each 
scalar depending on two parameters: AM and va- In Fig. [I], we show phase diagrams for H + 
and H ++ decays in the plane of AM and va- In the left panel, the brown, the gray and the 
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purple regions show the branching fractions for the decays H + — > H ++ W~* , H + — > £ + v and 
H + — > W + Z, W + h}, respectively. In the right panel, the brown and the gray regions show 
the branching fractions for the decays H ++ — > W + W + and H ++ — > £ + £ + respectively. In both 
panels, the dark-colored regions denote the parameter space where the branching fraction is 
greater than 99% and the light-colored regions denote the parameter space where the branching 
fraction is between 50%-99%. 




-8 -6 -4 -2 -8 -6 -4 -2 

Log ln v A (GeVi Log 10 v x (GeV) 



Figure 1: Phase diagrams for if + (left) and H ++ (right) decays in the type II seesaw model for 
A5 > with M^ + = 300 GeV. The dark-colored regions denote the branching fraction larger 
than 99%. 

As it can be seen from Fig. [Tj the leptonic decay of H + (H + — > £ + v) is dominant for 
small values of va < 0.1 MeV (corresponding to |/| > |£|). For low values of va and AM, 
this BF is always greater than 0.99. However, for moderate mass splitting AM > 5 GeV, the 
decay H + — > H ++ W~* start becoming dominant at v& = 0.1 MeV. For slightly larger value 
of AM at around 10-20 GeV, there is much larger parameter space opening up for this decay. 
Hence, we can see that for moderate va (around 1 keV-10 MeV), large mass splitting is allowed 
for the branching fraction larger than 99%. On the other hand, for large v a and low mass 
splitting, rest of the decays viz., (H + — > tb, W + Z, W + h) have appreciable contributions and thus 
BF(#+ H ++ W~") goes down. 

For the H ±i: decays, we see that for va < 0.1 MeV, it is completely dominated by leptonic 
decay i.e., H ±i: — > £ £ while for va > 1 MeV, it is dominated by the decay to two W ± s. These 
BFs are completely independent of the mass splitting AM as is obvious from that the H ±ziz is 
the lightest. 
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Similarly, in Fig. [2J we show phase diagrams for H° and A decays in the plane of AM and 
v a- In the left panel, the brown, the gray and the purple regions show the BFs for the decays 
H° ->■ vv, H° -)■ H + W~\ and H° ->■ {ti,bb, ZZ,h°h } respectively. In the right panel, the 
brown, the gray and the purple regions show the BFs for the decays A — > uu, A — > H + W~* , and 
A — > {ti, bb, Zh } respectively. In both panels, the dark-colored regions denote the parameter 
space where BF is between 49%-50% and the light-colored regions denote the parameter space 
where the BF is between 20%-49%. 
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Figure 2: Phase diagrams for if (left) and A (right) decays in the type II seesaw model for 
A 5 > with M+ + = 300 GeV. The dark-colored regions denote the branching fraction in the 
range of 49%-50%. 



4 Same-Sign Tetra-Leptons at the LHC 

A remarkable feature of the Type II seesaw model would be the observation of doubly charged 
Higgs bosons if ±=t at the TeV scale. Production of such scalars has been extensively studied 
in processes qq -»■ Z*/ 7 * H ++ H— [3 UM E2 El and q'q W* ->• H^H^ 0. The 
pair production mechanism leads to four lepton signals including a pair of same-sign di-leptons 
with opposite charges, or tri-lepton signals which are relatively clean and thus studied by many 
authors. In this section, we study a new possibility of probing the type II seesaw model at 
the LHC through a distinctive signal of four same-sign leptons which are either positively or 
negatively charged. The processes which contribute to such a signal are as follows: 
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1. q'q ->■ W* -> H ± H°/A° 

proceeded by -» H^W^* and if /A ->■ fl^W** -> fl^W^'W^*; 

2. gg -> Z* ->■ #°A 

proceeded by ->■ iZ^W** -> H^W^'W^*. 

The above mentioned production cross-sections of triplet scalars only depend on the scalar masses 
because the interactions are due to the triplet gauge couplings. The cross-section for process [2] is 
the largest among the three. Out of all the triplet pairs produced in the above three processes, 
only some fraction of them eventually give same-sign H ±ziz pairs whose production is controlled 
by the neutral scalar mixing parameter as will be discussed below. 

We further assume leptonic decays of if ±=t to be dominant, which is allowed for a large part 
of parameter space (with |/| > |£|) as can be seen from Fig. [TJ The processes [Q and [2] give a 
signal which contains 4£ ± + X where X contains jets and leptons coming from off-shell Ws which 
are soft and thus hard to be detected due to a small mass gap between the triplet components. 

As noted in Refs. [T?l [20] . the 4/ ± final state cannot occur in the limit of lepton number 
conservation, that is, fi, v& — > 0, due to the cancelling interference between H° and A . However, 
the above processes 1 and 2 are allowed when there is a finite mass difference violating lepton 
number. In the limit of Mjjo/a° ^ $Mha, ^h°/a° as well as r#o ~ T^o, one can find a simple 
expression for the 4Z ± production rate following a proper treatment of the interference effect in 
the narrow width approximation. Note that this phenomenon occurs as H° and A , sharing the 
same final states, can mix together like in the B°-B° system. In other words, A can oscillate 
to A ^ and vice versa to produce wrong sign leptons in our system. If they undergo sufficient 
oscillation before they decay, i.e., SM H a > ^h°/a°i the lepton number violating production of 
same-sign tetra-leptons becomes sizable. That is, this effect is controlled by the usual oscillation 
parameter xha- 

x HA = . (13) 

1 H o/ A o 
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From the calculation of the H°-A° interference term in the narrow width approximation, we 
obtain the cross-sections for the processes [T] and [2] as follows: 



a(A£ ± + 3W T *) = a (pp — >■ H ± H° + H ± A°) 



X HA 



1 + 2? 



J HA . 

x [BF(H ± -> H^W^)] 2 [BF(iJ ±± ->■ PP)] 2 ; (14) 
2 + ^if a 



a{4l ± + 4W^) = a(pp^H°A°) 



1 + X HA 1 + x ff A 



BF(i/° ->■ ^h^*; 



x BF(A° F+W^*) [BF^ ->• ff^W^*)] 2 [BF(iJ ±=t £ ± £ ± )] 2 .(15) 

As expected, the cross-sections vanish for xha recovering the lepton number conserving 
limit. In the limit of Xha ^ 1 (the maximal lepton number violation), the mixing factors 
become one and the 41^ signal numbers are controlled only by the branching fractions of H° and 
A . For a rough estimation of xha, let us compare SMha i n Eq. jSJ with the gauge decay rate 
of H°/A° given by 



G%AM 
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r^o/^o ~ — - — . (16) 
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From this one finds that xha ~ 1 can be obtained with, e.g., v a ~ 10 -4 GeV and AM ~ 2 GeV. 

Since we are interested in four same-sign leptons in the final state, the cross-section for such a 
signal also depend on v& through the decay branching fractions. These signals depend on [BF] 5 
and [BF] 6 , so we should look at those regions of parameter space where these BFs are maximum. 
To explore those regions in the AM — i>a plane, we plot the products of BFs which occur in the 
evaluation of cross-sections of those signals. In Fig. [31 we show product of BFs for processes [1] 
(left figure) and for process [2] (right figure) in AM — v a plane. One can see from these figures that 
there are large parameter space where these products are maximum i.e., 0.5. In Fig. H] (bottom), 
we show sum of cross-sections for processes [Hand [2] which can finally give same-sign tetra-leptons. 
The cross-sections are independent of v a and steadily decreases with the rise of AM. In Fig. H] 
(top), we show cross-sections for till signal at LHC8 and LHC14 in the AM — v& plane. 
The Fig. H] (top) is obtained by superposing the Figs. H] (bottom) and [3] and multiplying with 
the oscillation factor as in Eqs. f JT4lfT5|) . The doubly charged Higgs mass is taken to be 400 GeV. 
Note that the CMS experiment puts a lower bound on the doubly charged Higgs boson which 
decays only to charged leptons: M H ±± > (330 — 360) GeV considering the pair production only 
[23] . One can see from Fig. [4] that the same-sign tetra-lepton cross-section is maximized for 
t>A = (10~ 4 — 10 -5 ) GeV and AM = (1 — 2) GeV in accordance with the rough estimate. To 
recapitulate the condition for large number of same-sign tetra-lepton events, one needs xha ^ 1 
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Figure 3: Product of branching fractions for processes [1] (left), and|2] (right). 

enhancing the H°-A° mixing and appropriate AM small enough to increase the production of 
H°/A°H ± , etc, but not too small to suppress the decays H°/A° — > H^W* , etc, assuming of 
course the dominance of the leptonic decays channels of H ±:k . As far as the latter condition is 
realized, the type II seesaw can be tested by observing the usual signals of a pair of same-sign 
di-leptons from H ++ H — > . If the parameter region sits near the limited bright region 

in Fig. HI one can look in addition for four same-sign leptons allowing to get information about 
t>A and AM. Furthermore, in the limit of xha 3> 1, the transition probability of A to A°t is 
maximized to be one-half rendering the number of same-sign tetra-leptons comparable to that 
of a pair of same-sign di-leptons, and thus it will be more efficient to look for the same-sign 
tetra-lepton signals. 

We remark that lepton flavor violating processes like fi — > eee are highly suppressed in the 
parameter region of our interest. For ~ (10~ 4 — 10~ 5 ) GeV, the neutrino mass relation (1101) 
requires fij ~ (1CT 6 — 1CT 7 ), whereas one needs, for instance, fnfn > 1CT 8 to observe the signal 
of /i — > eee in the future experiments [8]. 

Now let us take a benchmark point with w A = 7x 10~ 5 GeV, AM = 1.5 GeV and M H ±± = 400 
GeV which gives SM HA = 3.68 x lO" 11 GeV, T H o /A o = 3.73 x lO" 11 GeV, and thus x 2 HA /(l + 
x 2 HA ) = 0.79. In Table. El we show the values of pair production cross-sections relevant for our 
calculation at LHC8 and LHC14. 

So far, we have not distinguished among flavors of charged leptons i.e., e, /i, r in our analysis. 
However, we know that at the LHC, r leptons are more difficult to identify and have large 
backgrounds, r leptons can decay leptonically r — > ev e v T and r — > yUz/ M z/ r with branching 
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Figure 4: Bottom panels show cross-sections (in fb) for H ± H /H ± A°/H°A production, and top 
panels for same-sign tetra-lepton events. Left (right) panels are for LHC8 (LHC14). 

fractions of 17% each. These e's and /x's are less energetic than their parent r's. On the other 
hand, decays H ±,± — > e ± e ± //i ± /i ± /e ± /i ± are much cleaner and produce the two energetic e and 
fi closer to invariant mass M#±±. For the collider analysis including lepton flavor dependence, 
we consider the full neutrino mass matrices calculated in Eqs. f TTTI [T2|) for the NH and IH, 
respectively. In the NH case, the BF of the if ±± decay to the e and fi final states is 32%, and 
thus if ±=t decay mainly to same-sign r pairs. Of course, the leptonic decays of these r's to e/fi 
are included in our analysis. On the other hand, for the IH case, the if ±=t decay BF to the e 
and n final states is 60% and thus we expect to have more same-sign tetra-lepton signal events 
compared to the NH case. 

In Table [31 we show number of events before selection cuts and after selection cuts for both 
NH and IH at two center of mass energies 8 TeV and 14 TeV LHC We assume 15 fb -1 and 100 
fb -1 of integrated luminosities for LHC8 and LHC14 respectively. 

We expect almost no background to our same-sign tetra-lepton signal. The only potential 
background can come from multi W production with at least four and extra demanding 
four W ± decaying leptonically and the rest W T hardronically. In the lowest order, there is a 
diagram for 4H /± + 2W T production whose cross-section is proportional to a EW . Other back- 
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Final State 


o7fb (8 TeV) 


(j/fb (14 TeV) 


H + H° 


0.761 


2.931 


H + A° 


0.761 


2.931 


H~H° 


0.275 


1.209 


H~A° 


0.275 


1.209 


H°A° 


1.014 


4.322 



Table 2: The values of cross-section for different sub-processes contributing to same-sign tetra- 
lepton signals for the LHC8 and LHC14. We use AM = 1.5 GeV and M H ±± = 400 GeV for 
LHC8 and LHC14. 

ground can come from gg — > 4W + + 4W~ which is a loop process with top- and bottom-quarks 
inside the loop. The cross-section for this process would be suppressed by a 2 s oft EW times loop- 
suppression factor. Thus, the background for resulting number of same-sign tetra-lepton final 
states is practically zero at the LHC. 

Since there is negligible background, the selection criteria for the leptons are very trivial. 
We just need to have those cuts which are essential for detector acceptance regions. So, the 
basic cuts like pt > 20 GeV and \r)\ <2.5 for all leptons would be sufficient to detect our signal. 
We use CTEQ6L [24J parton distribution function (PDF) and the renormalization/factorization 
scale is set at 2M#+. We use CALCHEP [22] to generate the parton level events for the relevant 
processes. Then, using LHEF [2E] interface, we pass these parton level events to PYTHIA [27] for 
fragmentation and initial/final state radiations. We use PYCELL, a toy calorimeter in PYTHIA, for 
hadronic level simulation for finding jets using a cone algorithm. For realistic simulation, we use 
the following criteria for selection of events: 

• There should be exactly 4 isolated leptons (e, fi) of same sign in the events, 

• v 1 t > 20 GeV > \v\ < 2 - 5 and AR(£i,£j) > 0.2. 

• leptons are arranged in decreasing order in and are labelled as £i, (i — 1, . . . , 4) in that 
order. 

• no jet should overlap with any lepton. 

In Table [3] we show the total number of four same-sign lepton events before and after applying 
selection cuts. We list these numbers for both NH and IH scenarios for both LHC8 and LHC 14 
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with 15 fb -1 and 100 fb -1 of integrated luminosities respectively. We find that after applying 
the section cuts, the total number of events are reduced by 25%. The number of events in the IH 
scenario is twice the number of events in NH scenario. This is due to the fact that the branching 
ratio BF(H ±ziz — > ee/e/z//z/i) is almost twice in IH scenario relative to NH as noted before. One 
can see that the signal event numbers are large enough to test the type II seesaw mechanism 
through same-sign tetra-lepton final states. 

The same-sign tetra-lepton signal for Mjj++ = 400 GeV might be barely observable at LHC8 
for the IH case, but the event number is too small to reconstruct its mass. On the other hand, 
LHC14 with 100 fb -1 of integrated luminosity would have large number of events to look for 
the doubly charged Higgs mass of Mh++ = 400 GeV. Assuming that 10 signal events would be 
sufficient for the claim of discovery, we also find that if ±± with mass M#±± as large as 600 GeV 
and 700 GeV can be probed for NH and IH scenario respectively at the LHC14 with 100 fb -1 of 
integrated luminosity. 





Pre-selection 


Selection 






?±J 


^ (LHC8-NH) 


4 


3 


l±l 






^ (LHC8-IH) 


9 


8 


l±l 






^ (LHC14-NH) 


110 


94 


l±l 


?±J 


?± 


?± (LHC14-IH) 


240 


210 



Table 3: Number of events for same-sign tetra-lepton signals before and after selection cuts 
for both NH and IH scenarios at LHC8 and LHC14 with 15 fb -1 and 100 fb -1 of integrated 
luminosities respectively. 

In Fig. [51 we plot the reconstructed if ±± mass from the sample of selected same-sign tetra- 
lepton events for both NH and IH neutrino mass scenarios at LHC14 with 100 fb _1 integrated 
luminosity. The peaks in all plots correspond to H ±i: — > ee/efi/fifi decays while the broad part 
(off-peak) of distribution correspond to r decays. For IH, the number of events at the peak is 
about 2.5 times larger than NH and the peaks are more pronounced. One can clearly see that 
the doubly charged Higgs boson mass can be readily found also from the same-sign tetra-lepton 
signal for our benchmark point. 
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Figure 5: Invariant mass from 4£ ± final states. 

5 Conclusion 

It is pointed out that a remarkable signal of same-sign tetra-lepton, l ± l ± l ± l ± , is allowed in the 
type II seesaw mechanism introducing a Higgs triplet as the origin of neutrino masses and mixing. 
Observability of such a signal at the LHC strongly depends on the mass splitting AM among 
the triplet components and the triplet vacuum expectation value v a (or the overall size of the 
leptonic Yukawa coupling given by / ~ 0.01eV/t>A). When the doubly charged component if ±=t 
is the lightest, larger AM allows more efficient gauge decay of the neutral component to the 
singly charged one and then to the doubly charged one. Thus, a pair production of the triplet 
components at colliders can end up with producing if ±=t if ±:l= whose branching fraction to same- 
sign tetra-leptons becomes larger for smaller v&. Another crucial ingredient for increasing the 
4/ ± signal number is the H°-A° mixing parameter xha which becomes smaller for smaller v a and 
larger AM. Therefore, there appear optimal values of the model parameters which maximize 
the same-sign tetra-lepton signal. 

After studying such a behavior in the AM — v& plane, we identified a benchmark point with 
AM = 1.5 GeV and v a = 7 x 10~ 5 GeV for maximized the signal numbers at the LHC. The 
collider analysis of a same-sign tetra-lepton signal is trivial as it is completely background free. 
After making the typical selection cuts to identify four same-sign leptons, we have shown that 
one can obtain sizable event numbers for M H ±± = 400 GeV with integrated luminosity of 100 
fb _1 at the LHC14 to reconstruct the doubly charged Higgs mass in both cases of the normal and 
inverted neutrino mass hierarchy. We also found that the doubly charged Higgs boson mass up 
to 600 GeV and 700 GeV can be probed at LHC14 for NH and IH scenarios for our benchmark 
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point, assuming 10 signal events for a discovery of the type II seesaw mechanism. 

With accumulating data at the LHC, it is worthwhile to make a discovery or exclusion study 
of the type II seesaw mechanism in the full parameter space of Mjj±±, AM and va through 
the Z ± Z ± / ± / ± signal as well as the conventional signal of followed by the production of 

H ++ H which has been studied extensively in the literature. We leave this as future work. 
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